In this paper, we propose an optimization framework for cooperative merging of platoons of connected and automated vehicles at highway on-ramps. The framework includes (1) an optimal scheduling algorithm, through which, each platoon derives the sequence and time to enter the highway safely, and (2) an optimal control algorithm that allows each platoon to derive its optimal control input (acceleration/deceleration) in terms of fuel consumption. We evaluate the efficacy of the proposed optimization framework through VISSIM-MATLAB simulation environment. The proposed framework significantly reduces the crossing time and fuel consumption of platoons at the highway on-ramps.
I. INTRODUCTION
Highway on-ramps can cause congestion as platoons of vehicles enter the highway from on-ramps. Earlier research efforts in the literature used ramp metering to reduce the congestion of human-driven vehicles at highway on-ramps [1] . The advances in connected vehicle technologies and automated driving offer better opportunities to reduce congestion and improve the mobility of commuters [2] . Cooperative merging control of connected and automated vehicles (CAVs) can reduce congestion and provide significant benefits in terms of road capacity, fuel consumption, travel time, and vehicle emissions.
Real-time information from CAVs can help to develop control algorithms for safe merging. A cooperative control algorithm presented in [3] creates appropriate gap between vehicles and facilitates the platoons from on-ramps to enter the motorway. A decentralized algorithm presented in [4] ensured collision-free maneuver with reduced complexity in communication. In another effort, an optimal control framework for cooperative merging was presented to minimize fuel consumption [5] . A detailed summary of various approaches for optimal coordination of CAVs at highway on-ramps can be found in [6] .
An optimal control framework presented in [7] aims at minimizing travel time and fuel consumption of vehicles while satisfying speed-dependent safety constraints. The research effort in [8] formulated an optimal control problem and provided an analytical solution to minimize the engine This research was supported in part by ARPAE's NEXTCAR program under the award number DE-AR0000796 and by the Delaware Energy Institute (DEI). This support is gratefully acknowledged.
1 Sharmila Devi Kumaravel and 3 Ramakalyan Ayyagari are with Department of Instrumentation and Control Engineering, National Institute of Technology, Tiruchirappalli, India info2sj@gmail.com; rkalyn@gmail.com effort and passenger discomfort. Cooperative merging algorithms using reinforcement learning [9] and multi-agent Q-learning [10] have been developed to ensure safety at highway on-ramps. A control algorithm for a single-lane scenario was presented in [11] to compute optimal sequence for vehicles at highway on-ramps. In another effort, the problem of cooperative merging at on-ramps was formulated as an optimization problem and solved to minimize the travel time [12] . The research effort in [13] facilitated the vehicles from the on-ramp to merge with the platoon of vehicles on the highway. The optimal sequence and the time scheduled for a vehicle to enter the highway from on-ramp are crucial deciding factors for collision-free merging. Several effective solutions to compute optimal sequence and schedules can be achieved through scheduling theory. Scheduling theory addresses the optimal allocation of a set of tasks to resources over time [14] . Many control algorithms based on scheduling theory have been proposed in the literature to optimally coordinate the vehicles at various transportation scenarios [15] - [19] . In our proposed framework, we apply scheduling theory to coordinate CAVs at highway on-ramps.
In this paper, we model the problem of cooperative merging at highway on-ramps as a job scheduling problem, and present an optimal scheduling algorithm through which each platoon derives the sequence and time to enter the highway safely. Then, we present an optimal control algorithm where each platoon derives the optimal control input (acceleration/deceleration) in terms of fuel consumption of the platoons at the highway.
The remainder of paper is organized as follows. In Section II, we present the problem formulation and the optimal scheduling algorithm. In Section III, we provide an analytical solution for the optimal control problem. In Section IV, we evaluate the efficacy of the proposed framework through simulations, and present simulation results. We conclude with the discussions in Section V.
II. PROBLEM FORMULATION
We consider a traffic scenario where a secondary road with single-lane merges onto another single-lane main road (Fig.  1 ). The region where the secondary road merges onto the main road is called the merging zone and has a length L M Z . The merging zone is a conflict area where a potential lateral collision can occur. There is also a control zone inside of which the vehicles can communicate with each other. The length of the control zone is L CZ . A coordinator stores information about the geometry of the merging roadways and broadcasts this information back to vehicles. Note that the coordinator does not take part in the decision-making process.
In our modeling framework, we impose the following assumptions:
Assumption 1: The communication between the coordinator and CAVs occur without any errors and delays.
Assumption 2:
The platoons of CAVs enters the control zone as stable platoons.
Assumption 3:
The value of L CZ should be sufficiently large.
The first assumption may be strong, but it is relatively straightforward to relax it as long as the measurement noise and delays are bounded. Our main focus is to facilitate the safe merging of CAVs entering as platoons at highway on-ramps than the stability and formation of the platoons. However, future research should relax the second assumption and study the implications of the proposed solution on the stability and formation of platoons. The third assumption is to enable the slower platoons with an initial speed less than the speed limit to reach the speed limit before it reaches the merging zone.
A. Vehicle Model and Constraints
Let N (t) ∈ N be the number of platoons of CAVs arriving at the control zone at time t ∈ R + . Each platoon receives unique identification number k ∈ N from the coordinator at the time of entry into control zone. The queue of platoons of CAVs in the control zone is denoted by
. . , n}, n ∈ N, be the number of vehicles in each platoon k ∈ N (t). We assume that each vehicle j ∈ C k is governed by second order dynamicsṗ
where p j (t) ∈ P j , v j (t) ∈ V j , u j (t) ∈ U j denote position, speed, acceleration/deceleration of each vehicle j ∈ C k . Let t 0 j and t m j be the time at which vehicle j ∈ C k enters the control zone and merging zone respectively. Let
The control input and speed of each vehicle j ∈ C k is bounded with following constraints
where u min , u max are the minimum and maximum control inputs for each vehicle j ∈ C k and v min , v max are the minimum and maximum speed limits respectively.
B. Optimal Scheduling Algorithm for Platoons Crossing the Merging Zone
In this section, we apply scheduling theory to derive a control algorithm that provides the optimal schedule for each platoon to enter the merging zone. We model the problem of cooperative merging of platoons at highway on-ramps as a job scheduling problem. We consider merging roadways as a single machine and the platoons of CAVs as jobs.
Let t in k be the time that a platoon k ∈ N (t) enters the merging zone. We consider two cases to compute the time at which each platoon enters the merging zone. In case 1, we consider that the initial speed of platoons is same as the speed limit. In case 2, we consider that the initial speed of platoons is less than the speed limit.
k be the time taken by the platoon to accelerate to the speed limit. Then,
Let d a k be distance traveled during acceleration, then
and thus,
Let t out k be the time that a platoon k ∈ N (t) exits the merging zone. Then
where C k is the number of CAVs in platoon k ∈ N (t), t g is the safe time gap provided to ensure safety of platoons entering and leaving the merging zone and t h k is the headway between CAVs n and (n − 1) ∈ C k in the platoon.
Definition 2: The total completion time T C of platoons to cross the merging zone is defined as
Definition 3: Let w k be the weight assigned to each platoon k ∈ N (t) based on the priority. The total weighted completion time T W C of platoons is defined as
We model the problem of cooperative merging of platoons of CAVs at highway on-ramps as 1||T W C job scheduling problem [20] , where 1 represents single machine, and T W C represents total weighted completion time. A schedule is optimal if it minimizes T W C . The objective of the modeled 1||T W C scheduling problem is to minimize the crossing time of platoons at highway on-ramps. Each platoon leader solves 1||T W C problem to derive the time to enter the merging zone with the objective to minimize the the crossing time of platoons at the merging zone i.e., total weighted completion time of platoons. The weights are assigned based on the priority of the platoons. The platoons entering the merging zone from highway are given higher priority than platoons entering from on-ramps. The higher priority to highway platoons allow them to enter the merging zone before the platoons entering from on-ramps.
We find the optimal schedule for platoons inside the control zone to enter the merging zone through a scheduling algorithm. First, the scheduling algorithm uses the information including initial speed, maximum acceleration, and maximum speed limit to compute the time that a platoon arrives at the merging zone. Then, it uses the information including the length of the merging zone, number of followers in the platoon, safe time gap, headway of each platoon, and speed limit to compute the time that the platoon exits the merging zone. Next, it computes the completion time and the weighted completion time of each platoon based on the weights assigned to the platoons. Then, it arranges the platoons in the non-decreasing order of weighted completion time. Finally, the algorithm computes the time at which each platoon has to enter the merging zone.
The proposed scheduling algorithm yields an optimal schedule that minimizes the crossing time of platoons.
Theorem 1: A schedule Λ * in non-decreasing order of w c k of platoons is optimal in minimizing crossing time of the platoons i.e., the total weighted completion time.
Proof: Let p, q and r ∈ N (t) be the platoons in the control zone at time t and Let T W C (Λ) and T W C (Λ * ) be the total weighted completion time of the platoons in the schedule Λ and Λ * respectively. Then,
(14) contradicts that the schedule Λ is optimal. Hence, schedule Λ * in non-decreasing order of w c k of platoons is optimal.
Algorithm 1: Computation of optimal sequence and schedule of platoons
Result: optimal sequence and schedule for platoons
w c k ← t c k /w k 17 end 18 Arrange platoons in non-decreasing order of w c k in an array optimalSequence The optimal scheduling algorithm is run by each platoon leader to compute the time to enter the merging zone. Each leader broadcasts the time that the platoon enters and leaves the merging zone to its followers and coordinator. Finally, the coordinator communicates the time at which the platoons inside the control zone enter and leave the merging zone to the platoon leaders entering the control zone.
C. Optimal control Problem
Each platoon leader computes the time to enter the merging zone using the optimal scheduling algorithm. Then, each leader derives the optimal control input to enter the merging zone in a schedule specified by the scheduling algorithm. The position of platoons in the queue designates the time that a platoon enters the merging zone. Here, we have two cases: 1) If t m k = t in k , then the leader solves a time optimal control problem, and 2) if t m k > t in k , then the leader solves an energy optimal control problem to derive the optimal control input. The leader broadcasts the derived schedule and optimal control input to the following vehicles until the last follower has completely crossed the merging zone.
1) Time Optimal Control Problem: For each leader j ∈ C k , we formulate the following time optimal control problem,
subject to: (1), (2), (3), p j (t 0 j ) = 0, p j (t m j ) = L CZ , and given t 0
where t 0 j and t m j is the time at which the leader enters the control zone and merging zone respectively.
2) Energy Optimal Control Problem: For each leader j ∈ C k , we formulate the following energy optimal control problem, min uj ∈Uj
subject to: (1), (2), (3), p j (t 0 j ) = 0, p j (t m j ) = L CZ and given t 0
III. ANALYTICAL SOLUTION
In this section, we present the closed-form analytical solutions for the time (15) and energy (16) optimal control problems for each leader j ∈ C k .
A. Analytical Solution of the Time Optimal control problem
Next, we formulate the Hamiltonian function for each leader j ∈ C k with the state and control constraints as follows
where λ p j and λ v j are costates and µ a j , µ b j , µ c j , and µ d j are Lagrange multipliers. We derive optimal control input for platoons with initial speed either equal to speed limit or less than speed limit while entering the control zone.
Case 1: v 0 j ≤ v max In this case, the optimal control input is
Substituting (18) in (1), we derive the optimal position and velocity
where b j , c j , and d j are integration constants computed using the initial and final conditions in (15) .
The optimal control input based on [21] will be
Substituting (23) in (1), we derive the optimal position and velocity,
where d j is integration constant computed using the initial and final conditions in (15) .
B. Analytical Solution of the Energy Optimal Control Problem
For this problem, the Hamiltonian function for each leader j ∈ C k is
where λ p j and λ v j are costates, and µ a j , µ b j , µ c j , and µ d j are the Lagrange multipliers and µ a j = µ b j = µ c j = µ d j = 0 as the state and control constraints are inactive. The optimal control input based on [22] is
substituting (27) in (1), we get the optimal position and velocity,
where a j , b j , c j , and d j are integration constants computed using initial and final conditions in (16) .
IV. SIMULATION RESULTS AND DISCUSSIONS
We model the merging roadways in VISSIM traffic simulator. We designate the size of platoons traveling in the main roadway varying from 1 to 5 vehicles. The size of platoons entering from on-ramps ranges from 1 to 3 vehicles. The length of the merging zone and control zone are designed to be 30 m and 150 m respectively. The maximum acceleration and minimum deceleration limit are 3 m/s 2 and −3 m/s 2 respectively. The speed limit is designated as 25 m/s. The optimal scheduling algorithm implemented in MATLAB collects the details of the platoons in real-time from the VISSIM simulator and provides the sequence and schedule i.e., the time to enter the merging zone to each platoon. Then, we provide the optimal control input to each platoon to enter the merging zone. The speed of platoons corresponding to the derived optimal control input is updated in real-time through COM interface in VISSIM.
We compare the performance of the proposed framework with a baseline scenario where the platoons from secondary road stop and yield for platoons entering from the main road. We design the volume of vehicles entering from the highway as 1060 vph and on-ramp as 450 vph. The simulation is run for 900 seconds and we collect the performance measures of the merging roadways. The average delay, average stopped delay, average number of stops, and average travel time of platoons are shown in Figs. 2, 3, 4 , and 5. The proposed framework eliminated the stop-and-go driving behavior and resulted in negligible delay for platoons. The proposed framework reduced average travel time and fuel consumption by 68% and 61% respectively. 
V. CONCLUDING REMARKS AND DISCUSSIONS
In this paper, we presented an optimization framework for cooperative merging of platoons of CAVs at highway onramps. We modeled the problem as a job scheduling problem and presented an algorithm to derive the schedule of each platoon. Then, we provided the analytical solution for the optimal control problem to minimize fuel consumption and crossing time of platoons at highway on-ramps. We validated the proposed framework through simulations, and we noticed significant improvements in fuel consumption,while minimizing stop-and-go driving behavior.
Ongoing efforts consider lane changes for cooperative merging at multi-lane roads. In our framework, we assume that vehicles form stable platoons before arriving the control zone. Future research should focus on the stability and formation of the platoons.
